ABSTRACT This work is motivated by experimental observations that cells on stretched substrate exhibit different responses to static and dynamic loads. A model of focal adhesion that can consider the mechanics of stress fiber, adhesion bonds, and substrate was developed at the molecular level by treating the focal adhesion as an adhesion cluster. The stability of the cluster under dynamic load was studied by applying cyclic external strain on the substrate. We show that a threshold value of external strain amplitude exists beyond which the adhesion cluster disrupts quickly. In addition, our results show that the adhesion cluster is prone to losing stability under high-frequency loading, because the receptors and ligands cannot get enough contact time to form bonds due to the high-speed deformation of the substrate. At the same time, the viscoelastic stress fiber becomes rigid at high frequency, which leads to significant deformation of the bonds. Furthermore, we find that the stiffness and relaxation time of stress fibers play important roles in the stability of the adhesion cluster. The essence of this work is to connect the dynamics of the adhesion bonds (molecular level) with the cell's behavior during reorientation (cell level) through the mechanics of stress fiber. The predictions of the cluster model are consistent with experimental observations.
INTRODUCTION
Experiments on tissue cells, including fibroblasts, smoothmuscle cells, endothelial cells (ECs), and stem cells, have shown that cells can sense the mechanical properties of their environment and actively respond to mechanical stimuli through actin cytoskeleton remodeling. Adhered cells cultured on a cyclically stretched substrate tend to reorient themselves away from the stretching direction for high frequencies (;1 Hz) (1-6). Dartsch and Hammerle (2) found that cells do not respond to small stretch amplitudes (,2%), suggesting that there exists a threshold stretch amplitude at which cell reorientation is initiated. Above this threshold, an increasing number of cells begin to respond to substrate deformation by reorienting themselves away from the stretching direction. The larger the stretch amplitude, the more cells reorient. Neidlinger-Wilke and co-workers (7) reported that most of the cells joined the reorientation process once the stretch amplitude exceeded a second threshold level around 5-6%. However, it has been found that the picture is not the same for static or quasistatic stretching, i.e., the adhered cells always align parallel to the stretching direction (8, 9) .
Recent studies have shown that stretch-induced cell reorientation is a function of the interplay between the magnitude of stretching and Rho pathway activity (10) . The small GTPase Rho regulates the formation of actin stress fibers of adherent cells through activation of its effector proteins Rho kinase and mDia. When the Rho signaling pathway is intact, stress fibers are randomly organized independent of the level of Rho activity in the absence of stretching. In contrast, cyclic stretch can induce perpendicular orientation of stress fibers to an extent dependent on both the level of Rho activity and the magnitude of stretch (10) . When the Rho pathway is inhibited, stress fibers orient parallel, rather than perpendicular, to the loading direction. Kaunas et al. (10) proposed that the active orientation of the actin cytoskeleton mediated by Rho may represent a mechanism by which cells reduce the increase in intracellular tension generated by cyclic stretching. It is shown that although Rho GTPase plays the main role in the formation of focal adhesions (FA) and associated stress fibers, the GTPase Rac plays a crucial role in the formation of focal complexes by regulating the activation of actin polymerization (11) (12) (13) (14) (15) (16) .
Besides the force-induced cell reorientation, experiments also show that FAs exhibit an interesting feature of forceinduced growth (17) (18) (19) (20) . In particular, the applied force correlates linearly with lateral size of FAs, with a stress constant around 5 nN/mm 2 that is remarkably similar among different cell types (18, 19, 21, 22) . These experiments have stimulated several theoretical studies on the physical mechanisms governing FA mechanosensing and dynamics. In a series of studies, Safran and Geiger and their co-workers (23) (24) (25) modeled focal adhesions as two-layered structures in which the front edge of the mechanosensitive layer undergoes compression, resulting in an increased affinity for the plaque proteins and leading to FA enlargement. From a different viewpoint, Kozlov and co-workers (26) (27) (28) showed that FA mechanosensitive behavior can be explained by a thermodynamic principle governing self-assembly of molecules into an aggregate subjected to pulling force. Wagner and co-workers (29) studied the shear-stress profile along individual FAs and suggested that the shape of stress profiles doi: 10.1529/biophysj.108.131342 might be the mechanism for biochemical feedback activity of the adhesion growth.
It is worth noting that the principle mechanisms of forceinduced cell orientation are different from those of force-induced growth of FAs. In this study, we intend to focus on the molecular mechanisms of force-induced cell orientation. We will show that these two kinds of cell responses are dominated by different kinds of molecular interactions and activated by different force scales. We assume that the force scale inducing cell orientation should be much larger than that inducing growth of FAs. This assumption will be justified later, in the Results section.
Wang and co-workers (6, 30) showed that despite the complex underlying biological responses, the final aligning angle of cells under cyclic stretching can be calculated based on the principle of minimum strain energy. Gao and Chen (31, 32) demonstrated that models based on contact mechanics may also be useful for understanding the behaviors of cells on stretched substrates. Their prediction of the critical strain for cell reorientation is consistent with experimental data. More recently, an elastic force-dipoles model was introduced by De et al. (33, 34) to predict the dynamics and orientation of cells in both the absence and presence of applied stress. These works gave helpful insights into the response of adhered cells to the external stimulus by using continuum mechanics without explicitly considering the mechanics of subcellular structures. However, it is important to achieve a full understanding of the underlying mechanisms at the subcellular level.
In recent years, the stability of adhesion clusters of cells under external force has been of increasing interest to investigators. Rapid progress in the development of experimental techniques to study single or multiple bond rupture (35) (36) (37) has provided us with valuable experimental data for theoretical modeling of the adhesion cluster. Erdmann and Schwarz (38) (39) (40) ) presented a stochastic model for rupture and rebinding dynamics of clusters of parallel adhesion molecules subjected to a constant force or to a linearly increasing force, as commonly used in experiments. Li and Leckband (41) proposed a theoretical analysis of the forced separation of two adhesive surfaces linked via a large number of parallel adhesion bonds. The clustering instability in adhesive contact between elastic solids via diffusive molecular bonds was studied by Wang and Gao (42) using a perturbation method. They found that the instability of the cluster can be attributed primarily to elastic deformation energies of cell and matrix. With the intention of studying stick-slip motion in friction dynamics, Filippov et al. (43) proposed a microscopic model to establish the relationship between the dynamics of formation and rupture of individual bonds and the macroscopic frictional phenomena. These studies are helpful for our understanding of the mechanics of cell adhesion at the subcellular level. However, despite significant progress in experimental studies and theoretical modeling in cell mechanics during the past decades, some basic questions remain for the research community: what are the underlying physics of the reorientation of cells at the critical external strain, and why do cells respond differently to static and dynamic loads at the molecular level?
In this work, we aim to address these problems by developing a focal adhesion model on the molecular level, i.e., an adhesion cluster of hundreds of adhesion bonds in parallel between cell and substrate. The dynamic response of the cluster to external strain at various parameters of bonds, substrate, and stress fiber is analyzed. Different from previous continuum models (31) (32) (33) (34) , our model in essence relates the macroscopic response of adhered cells to their intrinsic properties at the subcellular level, i.e., it can consider the elastic deformation of bonds and substrate, as well as intrinsic stiffness and viscoelastic properties of stress fibers. The structure of this article is as follows. In the next section, the adhesion cluster model is developed and the master equations of the system are given. The numerical scheme is introduced in the third section. In the fourth section, the coordinated responses of the bonds of the cluster to external stimulus are studied by analyzing the evolution of the mean fraction of bound bonds. Comparison of our predictions with experiments and physics-based explanations of experimental observations are presented in the fifth section. The last section is devoted to conclusions and discussion.
MODEL DEVELOPMENT
Focal adhesions are large, multiprotein complexes that provide a mechanical link between the cytoskeletal contractile machinery and the extracellular matrix (28) . In this work, we treat a single focal adhesion as an adhesion cluster consisting of stress fiber, substrate, and integrin-ligand bonds between the adhered cell and the substrate. Fig. 1, A and B, depicts the side and top views, respectively, of a sketch of the cell, represented by a minimal system for contractile activity of adherent cells consisting of one stress fiber connecting two focal adhesions. The dashed line in Fig. 1 B denotes the reoriented cells with orientation uð0 # u # p=2Þ; where u is defined as the angle between the major axis of the cell and the loading direction. Fig. 1 C shows a magnification of the adhesion cluster, including the stress fiber, the adhesion plaque connecting the adhesion bonds and the stress fiber, the adhesion bonds, and the substrate. For simplicity, the adhesion plaque is assumed to be undeformable, as modeled by Ward and Hammer in their study of the effect of focal adhesion on the fracture and peeling strength of cells (44) . The substrate in the model is the ''local'' area of the total substrate where the adhesion cluster is located. When the total substrate is loaded by external tension, the local substrate will be moved relative to the center of the cell due to the deformation of the total substrate (see Fig. 1 ). Since the bonds are adhered to the local substrate, they will be extended and develop bond force when the local substrate is moved.
A viscoelastic model of stress fiber
The stress fiber is the primary structure associated with intracellular tension. We describe the mechanical properties of stress fibers at a conceptual level by using a viscoelastic model,
where F is the tension force, Dl s is the extension, and k s and m are elastic and damping coefficients of the stress fiber, respectively. There exists an intrinsic relaxation time of the stress fiber, t s ¼ m=k s ; which defines how quickly the stress fiber recovers its equilibrium configuration. Typical relaxation time of the stress fiber is on the order of seconds (45) .
Adhesion bonds in the adhesion cluster
We assume that the adhesion bonds are uniformly distributed in parallel between the cell surface and the substrate. All the bonds are normal to the surface at the beginning, and will be extended in an oblique direction by lateral external force, as shown in Fig. 1 force, f i ; will lower the energy barrier for bond rupture, and thus shorten the bond lifetimes (46) . The reverse rate of bonds is given by Bell (46) as,
where k 0 off is the reverse rate constant in the absence of force, l is the compliance length, which can be viewed as the range of the energy well that defines the bound state, and k B T is the thermal energy. The Bell model is commonly used to analyze single bond rupture experiments, due to the explicit coupling between the reverse rate and the applied force.
The forward rate, k on ; is given by (43)
where k 0 on is the forward rate constant of bond formation for an immobile contact, t c is the contact time, and t b is the intrinsic association time of integrin and ligand molecules (i.e., the average time to form a closed bond). The contact time, t c ; is defined as the time during which the free end of integrin is exposed to a contact area that moves with respect to it. The intrinsic association time, t b ; is on the order of 0.01 -1 s in magnitude (47, 48) , and we choose t b ¼ 0:01 s in our calculations. The larger the ratio of contact time to association time, t c =t b ; the higher is the probability of bond formation. The contact time, t c ; is inversely proportional to the relative velocity between the adhesion plaque and substrate:
where a is a characteristic length of the contact area (the spacing between adhesion bonds in the focal adhesion) on the order of tens of nanometers (49-51) (a ¼ 20 nm in our calculations), and _ s and D _ l s denote the derivatives of the substrate displacement, s, and the extension of the stress fiber, Dl s ; respectively, with respect to time. In the derivation, we have assumed that the substrate is much stiffer than the stress fiber. Equation 3 defines a contact-time-dependent forward rate that is crucial for study of the effect of stretching frequency on the stability of the adhesion cluster. The mechanism is that the stretching frequency controls the velocity of the relative slip between the plaque and substrate, which then determines the contact time.
Adhesion plaque and substrate
The local substrate, PQ (see Fig. 1 C; we call it substrate for short in the following sections), will move cyclically due to the dynamic external tension applied on substrate MN. Assuming that the substrate is much stiffer than the stress fiber and adhesion bonds, we can obtain a simple formula for the displacement of substrate PQ along the major axis of the cell, i.e., s ¼ leðcos 2 u À vsin 2 uÞ; which depends on angle u; Poisson ratio v, and applied strain e: e is a cyclically dynamic strain given by e ¼ e 0 jsinðpvtÞj; where e 0 is the strain amplitude, and v is the frequency. Although the magnitude of the applied strain can change cyclically, the direction of strain is only in the stretching direction. It is noted that the increase of orientation angle u from u ¼ 0 will decrease the magnitude of the substrate displacement, s, along the major axis of the cell until it reaches a specific location at which the magnitude of s is at its minimum ( Fig. 1 B, dashed line) . Therefore, the reorientation of the cell away from the loading direction will alleviate the tension stress of the bonds in the adhesion cluster.
The adhesion plaque will move along the stretching direction due to the bond forces of the cluster when the substrate is moved under the cyclic external strain. In this work, the adhesion plaque consists of plaque proteins and the intracellular domains of integrins (23, 24, 28) , i.e., the adhesion plaque does not include the extracellular domains of integrins. Although the intracellular domains of integrins are embedded in the rigid adhesion plaque, the extracellular domains of integrins can undergo extension (for closed bonds) or relaxation (for open bonds) due to the applied force. The forces acting on the adhesion plaque include the bond forces of adhesion molecules and the force of the stress fiber. Please note that the force of the stress fiber, which is a passive force (in this work, the active contractility of stress fibers due to myosin motor activity is not considered), is induced by the pulling of the bonds through the adhesion plaque. Considering the equilibrium of the adhesion plaque, we have
where F is the tension force of the stress fiber, and the righthand term of Eq. 4 is the summation of all adhesion bond forces along the loading direction, X. N bond is the total bond number, and the subscript i denotes the ith bond. A state index, q i ; is introduced to characterize the state (open or closed) of the ith bond, i.e., q i ¼ 1 corresponds to the state of a closed bond that connects the adhesion plaque and substrate, and q i ¼ 0 corresponds to the state of an open bond attached only to the adhesion plaque.
NUMERICAL METHODS
We now introduce the numerical scheme used in the calculations. For simplicity, the variables are normalized ast ¼ t=ð1=vÞ;
All these variables are listed in Table 1 . We begin with the calculation of the bond extension, DL i :x i is defined as the projection of the bond length of the ith bond in the lateral direction, as shown in Fig. 1 D. The rate ofx i is
As we can see from the above equation, as long as a bond is closed, it is stretched in the lateral direction at a velocity equal to the relative velocity between the adhesion plaque and the substrate. However, an open bond relaxes along the direction to its equilibrium state, characterized by its intrinsic relaxation time, t r ; normalized by 1=v: Since the relaxation time of molecules is much smaller than the time step in our simulation, the bond can reach its equilibrium state quickly in one time step. The projection of the bond length is calculated by the forward difference scheme,
where Dt is the dimensionless time step. The bond extension is calculated as 
where g ¼ lk b L=k B T: The forward rate can be calculated using Eq. 3, where t c and t b are normalized ast c ¼ t c v andt b ¼ t b v; respectively. Thus, the force of the stress fiber is Bond state index j Random number generated uniformly between (0,1)
The subscript i denotes the ith bond. kq ifi j X : (9)
Stability of Adhesion Clusters
The parameters used in our calculation come directly from experimental measurements or theoretical estimation based upon experiments. The physiological ranges of the main parameters and their values, as well as the reference sources, are listed in Table 2 . During each time step, the state (open or closed) of each integrin-ligand bond is checked. An equation governing bond rupture and formation is introduced for calculating the state index of the bond as follows (43):
where j is a random variable generated uniformly in (0,1), and H is a Heaviside step function that accounts for a stochastic rupture (formation) of a
bond. An open state will close if 0 # j # k off Dt=v and a closed state will open if 0 # j # k on Dt=v: The time step, Dtð¼ Dt=vÞ; should be smaller than a critical value for numerical stability (although we cannot give a rigorous analysis for the critical time step due to the stochastic character of the system). That is, the smaller the time step, Dt; the more stable is the simulation. In our simulation, we choose Dt ¼ 0:005; at which the simulation is very stable and also has a reasonable simulation time.
A numerical iteration scheme is illustrated in Fig. 2 . At the initial time, all the adhesion bonds are in parallel and perpendicular to the substrate, and are in ideal equilibrium with each state index, q i ¼ 1: We first run a simulation of 2000 time steps to equilibrate the system, then another N time (here, N time ¼ 4000) time steps calculation for collection of the results with a constant time step Dt ¼ 0:005: During each time step, the bond information is first calculated for each bond in a loop from i ¼ 1 to N bond ; which includes three parts (see Fig. 2 ): 1), calculation of bond state q i using Eq. 10; 2), calculation of bond extension DL i and bond forcef i ; 3), calculation of the reaction rates, k on ðiÞ and k off ðiÞ with Eqs. 3 and 7, respectively. Then, the bond information, e.g., the fraction of bound bonds and the total tangential bond force, is calculated. Afterward, the extension of the stress fiber, Dl s ; is updated for the next time step according to Eq. 9. The force and deformation of the individual adhesion bond and the stress fiber are tracked in all calculation steps. At last, the mean fraction of bound bonds is obtained by averaging the fractions of bound bonds (number of bound bonds divided by total bond number) of all the time steps during the time of the collection of results. According to our simulations, having the fraction of closed bonds very low or near zero will not cause problems for the stability and convergence of the calculation. We do not need special approaches to deal with the calculation when the fraction of closed bonds equals zero.
RESULTS
Threshold value of external strain for the stability of the cluster
The stability of the adhesion cluster is studied by examining the change in the number of bound bonds under the external load. Fig. 3 A shows the evolution of the mean fraction of bound bonds as a function of external strain amplitude, e 0 ; at different reverse rate constants, k 0 off : It is noted that for each curve, particularly those with small k 0 off value, there is an apparent threshold value of the stretching strain, e 0 : The mean fraction of bound bonds is insensitive to e 0 when e 0 is smaller than the threshold value, but decreases quickly when e 0 is larger than the threshold, causing disassembly of the adhesion cluster. In this way, the adhered cells can reorient themselves away from the stretch direction when the applied strain is higher than a critical value. The threshold value of external strain is on the order of a few percent, depending on k 0 off ; e.g., ;2-6% when k 0 off ¼ ;1À10: Our results are consistent with the experimental results (2,7,52,53), suggesting that the disassembly of the focal adhesion is correlated with the reorientation of cells.
The equilibrium state of the adhesion cluster is the result of the balance between formation and rupture of the adhesion bonds, characterized by the forward rate and reverse rate, respectively. Our results show that only sufficiently large external load can break the balance and change the state of the adhesion cluster. This can be understood by looking at the behavior of a specific bond in the cluster. When the external load is small, the forward rate is much larger than the reverse rate, as the bond force, f i ; is small, and therefore the bond is very stable, with a high formation probability. However, as the applied external strain is increased, the developing bond force, f i ; will enlarge the reverse rate according to Eq. 2. There should be a critical value of f i at which the reverse rate will be equal to the forward rate of the bond. Before f i reaches this critical value, the bond formation process is dominant, and the bond is therefore stable. When f i becomes larger than the critical value, the bond rupture process will dominate and the bond will have a spontaneous transition from a stable to an unstable state. The physical mechanism is that the action of external force lowers the energy barrier and makes it easier for the bonds to escape from their energy well. Therefore, when the amplitude of external strain, e 0 ; is larger than a threshold value, it will cause the bond force of a large fraction of bonds to reach the critical value, which induces a significant decrease in the number of bound bonds. Fig. 3 B shows the evolution of the fraction of bound bonds with time for different reverse rate constants, k From the difference of fluctuation in amplitudes of these four curves, we can see that the interplay of bond formation and bond rupture determines the stability of the adhesion cluster, i.e., the fluctuation in the number of bound bonds is determined by the competition between the two reaction rates. Therefore, for a given forward rate constant, k 0 on ; an increase in the reverse rate constant, k 0 off ; will make the cluster more sensitive to the external force with larger fluctuation (see Fig.  3 B) , i.e. the cluster is prone to losing stability at smaller external strain (see Fig. 3 A) .
Effect of the frequency of external load
In this section, we study the effect of loading frequency, v; on the stability of the adhesion cluster by examining the evolution of the fraction of bound bonds under different stretching frequencies. At medium frequency, e.g., v ¼ 0:1; 1; and 2 Hz, there is a distinct external strain threshold value of a few percent for the adhesion cluster's transition from a stable to an unstable state (Fig. 4 A) . The threshold values agree with both experimental observations (2-7) and theoretical analysis (33, 34) . In addition, the experiments (10) showed that the adhered cells with a normal Rho pathway tend to reorient themselves away from the stretch direction at frequencies of 1 Hz. However, at a very high frequency of strain amplitude, i.e., v ¼ 10; the adhesion cluster disassembles quickly under smaller external strain without a distinct threshold value (see Fig. 4 A) . In contrast, at a very low frequency, v ¼ 0:01; the cluster can have a stable state at very large external strain. This suggests that the cell will likely not respond to static/quasistatic loading, which is in agreement with experiments (8,9) and theoretical predictions (33, 34) .
The effect of the loading frequency on the stability of the cluster can be explained by two mechanisms. 1), The loading frequency determines the contact time (which is inversely proportional to the deformation rate) between the free end of adhesion bonds and the substrate surface, which in turn influences the probability of bond formation, i.e. the forward rate, according to Eq. 3. Rapid deformation of the substrate is not likely to occur from the association of integrin and ligand molecules, since these adhesion molecules do not have enough contact time to form adhesion complexes. 2), The deformability of the stress fiber is rate-dependent due to its intrinsic viscosity. The stress fiber becomes stiffer at high frequency, as it does not have time to relax, and therefore its deformation is much smaller in comparison with that at low frequency (see Fig. 4 B) . Therefore, to accommodate the deformation of the substrate at high frequency, the bond extension, and thus the bond force, should be increased, which consequently increases the reverse rate of the bonds. In contrast, the static or quasistatic load of frequency approaching zero will be very helpful for bond formation, and at the same time allow enough relaxation of the stress fiber to accommodate deformation of the cell, and therefore induce a very small bond force.
Effect of stiffness and relaxation time of the stress fiber
Stress fibers play an important role in the formation and stability of focal adhesions (10) . Although the mechanical properties of the stress fiber are not well defined, some of its mechanical properties have been tested in recent experiments (45, 54) , including, e.g., the stiffness, relaxation time, and breaking force. Here, we are interested in the effect of its elastic stiffness, k s ; and relaxation time, t s ; on the stability of the adhesion cluster. Fig. 5 A shows the mean fraction of bound bonds as a function of strain amplitude at different stiffnesses of the stress fiber, k s ; with the relaxation time, t s ¼ m=k s ; kept constant. Note that increasing k s decreases the extension of the stress fiber (see Fig. 5 B) , then increases the extension of bonds and the bond force (because it is the combination of the deformation of stress fiber and the bonds to accommodate the deformation of cell induced by the stretched substrate), which will consequently reduce the stability of the adhesion cluster. Fig. 5 A also shows that the external strain threshold value decreases with the increase of stiffness of the stress fiber. Since the relaxation time of the stress fiber is an important timescale, we also calculate the effect of t s on the stability of the adhesion cluster while keeping the stiffness of the stress fiber constant. Fig. 6 shows the effect of t s on the mean fraction of bound bonds at constant stiffness of the stress fiber and constant loading frequency. We can see that the larger the t s ; the stiffer the stress fiber (because it needs more time to relax and respond to the external force of constant loading frequency), and therefore the more unstable is the adhesion cluster. In addition, we find that the simulation results are not sensitive to small changes of the two parameters t s and k s :
As stress fiber is a kind of polymer, according to polymer physics its stiffness will increase with internal tension. Since stress fiber is the primary structure associated with intracellular tension, it is possible that cells control the stiffness and relaxation time of stress fiber by adjusting its tension through a Rho pathway, and a polymerization and depolymerization process, respectively, to respond to external force. This suggests a potential mechanism in which the cell controls its adhesion strength on the extracellular matrix (ECM) by changing the tension and then the stiffness of the stress fiber, which controls the stability of focal adhesion. As a result, the cell can respond effectively to the external load. Mogilner et al. (15) formulated a mathematical model in their pioneer work to describe the coupled dynamics of cell adhesions, small GTPases Rac and Rho, and actin stress fibers in a directional reorganization of the actin cytoskeleton under shear stress. Recently, Besser and Schwarz (16) modeled a feedback loop for the contractibility of stress fibers coupled with Rho regulatory pathways by a system of reaction-diffusion equations. Although in this study we did not consider the biochemical aspects of regulatory pathways of stress fiber mechanical properties, we intend to do so in future work.
Comparison with experiments
In this section, we try to compare our predictions with the experimental and theoretical studies to explain the underlying mechanisms of cell reorientation. Our calculations predict that there is a threshold value of external strain for the stability of the focal adhesion. The threshold value of external strain is on the order of a few percent. Our results are generally consistent with experimental observations (2-7,52,53). We also show that loading frequency plays a crucial role in the stability of the focal adhesion, which is in agreement with both experimental observations (1) (2) (3) (4) (5) and theoretical analysis (33, 34) . For example, adhered cells with a normal Rho pathway tend to reorient themselves away from the stretch direction at comparably high loading frequencies (;1 Hz).
Researchers have observed that cells respond differently to static and dynamically varying strains. In the case of static or quasistatic strain, cells align parallel to the direction of the applied strain (8, 9) , whereas for cyclic strain, cells align away from the direction of the applied stretch; for comparably high frequencies (;1 Hz), cells/stress fiber align nearly perpendicular to the strain direction (10, 52, 53) . Our calculations (see Fig. 4 ) are consistent with those observations. The underlying mechanism is that both the dynamics of bond formation and the viscoelastic properties of the stress fiber are responsible for the different responses of cells to static and dynamic strain. Under static or quasistatic load, the forward rate of bond formation is much higher than the reverse rate, and also the stress fiber is softer, which can accommodate most of the deformation of the cell to alleviate the bond force of adhesion bonds. Therefore, the focal adhesion is stable at static and quasistatic loading. In contrast, the forward rate becomes lower than the reverse rate at higher loading frequency, and at the same time the stress fiber becomes stiffer, which induces larger bond force in adhesion bonds, which accelerates the disassembly of the focal adhesion.
To explain why the cell and stress fiber always reorient themselves away from the stretching direction to some specific locations at high loading frequency (34, 55) , we analyze the stability of the adhesion cluster at different cell orientations. Under external strain, e, the displacement of the substrate (PQ), s, along the major axis of the cell depends on the angle, u; and Poisson's ratio, v, of the substrate, i.e., s ¼ leðcos 2 u À vsin 2 uÞ: When the cell is aligned along the loading direction (u ¼ 0), the displacement of the substrate is at its maximum, and the mean fraction of bound bonds is most sensitive to the applied external strain. Therefore, the cell is prone to reorient away. The final configuration of the reoriented cells depends on the magnitude of the applied stretch and Poisson's ratio, v, as well as on other aspects, e.g., the level of Rho activity. In this study, we focus on the mechanical aspects of cell responses and assume that the biochemical controlling pathways function normally. The relationship between the mean fraction of bound bonds and the applied strain amplitude at different u angles is shown in Fig. 7 A, where Poisson's ratio is v ¼ 0.5. We find that the mean fraction of bound bonds does not decrease under the external load when u ¼ 0:955; implying that u ¼ 0:955 is the optimal direction along which the adhesion cluster is most stable. This result (v ¼ 0.5) is consistent with the simple elongation stretching experiment of Wang et al. (55) , which shows that the cells align along an optimal direction defined by 4=p , u , p=2 (i.e., u ¼ 0:955). However, it is shown that the optimal direction becomes u ¼ p=2 when v ¼ 0, i.e., the cells are prone to align perpendicular to the stretching direction, as shown in Fig. 7 B. This result (v ¼ 0) is consistent with pure uniaxial stretching experiments (lateral deformation of the substrate is constrained and in this case Poisson's ratio, v, is effectively equal to zero) of Wang et al. (55) . Our results are also consistent with the theoretical studies of De et al. (34) .
In summary, in addition to the biochemical aspects, active reorientation of the cell/stress fiber may represent a mechanism by which cells reduce the increase in intracellular tension generated by cyclic stretching (10) . In this way, the cells reorient themselves in an optimal direction along which the intra-and extracellular tension exerted on them by ECMs is less than in the former direction. We explain this reorientation mechanism by using the adhesion cluster model, i.e., through disassembly of the focal adhesion along the loading direction (u ¼ 0), the adhered cell can establish new contacts away from the loading direction and form stable focal adhesions there.
DISCUSSIONS
We find that there is a threshold value of external strain amplitude for the stability of the adhesion cluster, beyond which the cluster disrupts quickly, and this is in agreement with experimental observations of cell reorientation on the cyclically stretched substrate. The existence of the threshold value is explained by analyzing the competition between bond formation and rupture under external strain. When the external strain is smaller than the threshold value, bond formation is dominant, but when it is larger than the threshold value, bond rupture is dominant. The frequency of external strain can influence both the bond contact time and the instantaneous stiffness (related to the viscoelasticity) of the stress fiber. At the higher frequency, the contact time becomes shorter and the stress fiber becomes stiffer, both of which will induce more bonds to rupture. Of particular interest is the effect of stress fiber stiffness, which is assumed to be used by the cell to control the stability of the focal adhesion. The stiffness of the stress fiber can be manipulated by the cell itself through, e.g., prestress, polymerization, and depolymerization of the stress fiber. We explain cell reorientation using a simple model that takes into account the effect of cell orientation on the stability of the adhesion cluster. Different from previous studies, this work provides a new way of understanding the different responses of adhered cells to external load at a subcellular level, and its predictions are in good agreement with experimental results.
It is noteworthy that the molecular mechanisms of forceinduced instability of FAs studied in this work are different from those of force-induced growth of FAs. Disassembly of FAs is caused by disassociation of the adhesion molecules on cells (integrins) from their ligands on the ECM (a ''cell-ECM'' interaction). However, force-induced growth of FAs originates from the addition of new integrin molecules and associated intracellular proteins (called a ''protein complex'' by Nicolas et al. (23) and ''FA proteins'' by Shemesh et al. (28) , it is here renamed ''integrin complex'' (integrinC) for convenience) to the FA through an ''integrinC-integrinC'' interaction (23,28) (''intracelluar'' interaction). In other words, the ''integrin-ligand'' interaction dominates the disassembly of FAs in our study, whereas the ''integrinC-integrinC'' interaction dominates force-induced growth of FAs (see schematic illustration in Fig. 8) . Based on the analysis of the disassembly of focal adhesions in this work, and on comparisons with the experimental and theoretical studies of force-induced growth of FAs, we outline a map of force scales for the dynamics of FAs. According to Nicolas et al. (23) , there exists a range of stress for FA growth, i.e., when the stress is smaller than a minimum value or larger than a maximum value, it cannot induce FA growth. The minimum force threshold is determined by the balance of the assembly rate at the front and the disassembly rate at the rear of the FA, and the maximum force threshold is ;5.5 nN/mm 2 (22) . We show that the characteristic force for disassembly of the FA is much larger than the force for FA growth. The characteristic force can be estimated by a summation of the horizontal component of bond force at the threshold value of the cyclic strain amplitude. For example, according to Fig. 5 B, the characteristic force is as high as 48 nN/mm 2 at e 0 ¼ 0:05: We can see that the characteristic force for FA disassembly is one order of magnitude larger than the force for inducing FA growth. Thus, we suggest that there exists a force scale diagram for the dynamics of FA, as shown in Fig. 8 . The force scale in the growth zone can induce FA growth, and the force scale in the stable zone can induce neither growth nor disassembly of FAs, but the force scale in the disassembly zone will induce disassembly of FAs.
The adhesion cluster model captures many generic features of focal adhesion, e.g., the viscoelastic properties of the stress fiber, the dynamics of formation and rupture of integrin-ligand bonds, and deformation of the substrate. The essence of this model is that it connects the dynamics of the adhesion bonds (at subcelluar and molecular levels) with the behaviors of the reorientation of the cell (macroscopic cell level) through the mechanics of the stress fiber. Although it may be oversimplified (e.g., integrin molecules are assumed to be fixed on the cell surface, which does not allow for the effects of adhesion molecule diffusion, and the model is one-dimensional, which does not take into account the effects of two-dimensional distribution of molecular bonds), it will still help us to understand different cell behaviors in response to mechanical forces. We intend to develop more sophisticated and realistic models of focal adhesions, e.g., a two-dimensional model that combines biochemistry and mechanics with multiscale modeling, in future work. (23) , and the disassembly zone corresponds to F . F c (the force range F b , F , F c corresponds to the stable zone) in the model described here. In the growth zone, the force-induced growth of FA originates from the addition of a new integrin molecule and its associated intracellular proteins to the FA through an ''integrinCintegrinC'' interaction (''intracelluar'' interaction). However, in the disassembly zone, disassembly of the FA is caused by disassociation of the adhesion molecules on cells (integrin receptors) from their ligands on the ECM (''cell-ECM'' interaction).
